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Abstract 

The design optimization of an out-of-core 
thermionic converter module is described. The module 
is a cyl indrical  converter, heated and cooled by heat 
pipes, with an in tegra l  finned radiator. Ferformance 
data i l l u s t r a t i n g  the dependence of electrode e f f i -  
ciency and parer density on emitter and col lector  
temperature'are used as input data. 
such as electrode thickness and area, and current- 
voltage ooerating points are  varied and the minimum 
specif ic  weight design is  determined. For fixed 
converter designs the sens i t iv i ty  of uerformance t o  
changes i n  heat piue vapor temperature, e l e c t r i c a l  
load, and radiator  area i s  a l so  exulored. 

Design parameters 

Introduction 

The staff a t  Lewis Research Center has recently 
completed a preliminary evaluation of the out-of-core 
thermionic concept. 
technological developments and thermionic performance 
improvement. For the concept studied, the  thermionic 
converters were mounted i n  the  radiator  and joined t o  
the heat source by long heat pipes. Due t o  the short 
t i m e  period available f o r  i n i t i a l  study, the component 

W weight estimates were only preliminary. Subsequently 
detai led component weight analyses2-3 w e r e  conducted. 

of t h a t  described by K r ~ g e r . ~  
an engineering model was developed which predicts 
e l e c t r i c a l  and thermal performance based upon actual  
measured performance values. 
predict module performance over a range of electrode 
temperatures and e l e c t r i c a l  load conditions. Ftrther- 
more one can study the influence of variations i n  
module design on the module spec i f ic  weight. 

The study' emphasized recent 

The thermionic converter module design is typical 
To analyze the  module 

With t h i s  model one can 

!I'he analysis employed the performance data for  
polycrystalline rhenium, niobium converter reported by 
Kascak and Williams.5 These data re f lec t  the per- 
formance levels  achievable i n  1967 but much higher 
performance levels  have been recently reported f o r  
converters with single c rys ta l  rhenium and etched 
tungsten emitter, references 6 and 7 resuectively. 
However, the Kascak and W i l l i a m s  data  includes detai l -  
ed caliormetric measurements over a wide range of 
col lector  temperatures, which vas unavailable f o r  the 
high performance materials. This relat ively low 
performance data  118s used t o  develop the calculat ional  
procedure and study the influence of col lector  temper- 
ature on module design. 
calculations were made a t  selected points using the 
higher performance data. 

Module spec i f ic  weight 

Engineering &del 

An engineering model has been developed t o  
analyze the thermal and e l e c t r i c a l  performance of a 
single  out-of-core thermionic converter and determine 
the minimum spec i f ic  weight design. 
converter i s  assumed which is heated by a high 

A cyl indrical  

temperature heat pipe and cooled by a vapor chamber 
radiator .  

Using the model, the designer selects an i n i t i a l  
design, indeuendently varies uarameters such as ;  
electrode area,  electrode thickness, radiator  area, 
current density, etc., and calculates a s e t  of module 
specif ic  weights from which the minimum value is  
selected. 

A novel feature of the e l e c t r i c a l  and thermal 
analysis i s  the  use of both measured calorimetric and 
e l e c t r i c a l  performance data t o  obtain empirical 
expressions f o r  the electrode voltage and the thermal 
f lux a t  the col lector  f o r  selected values of current 
density, emitter and col lector  temperature. To 
develop these exuressions, one se lec ts  a set of s t a t i c  
performance data for  which the cesium reservoir 
pressure is outimizad for  highest voltage a t  a f ixe , l  
current density. This set must include the electrode 
voltage and the col lector  thermal f l u x  measured over 
a broad range of current dens i t ies ,  emitter and 
col lector  temperatures. A multiule regression 
analysis of the data resu l t s  i n  a functional exures- 
s ion of the form of equation 1, which described the 
electrode voltage V(Q, TC, J). A second identic-a1 
functional form describes the thermal f lux a t  tk,e 
col lector ,  Q(%, Tc, J).  

V ( Q , T C , J )  = BO + B 1  x J + B2 x TC 
+B3 x % + Bk x J x TC 
+ B5 x J x % b B6 x % x TC 
+ B7 x Tc: x IC + 88 x Q x 3 
+ B9 x J x Tc X TC + B10 X J 
x % x TE + B 1 1  X 'I& x TC 

V(Q,Tc,J) i s  the electrode voltage.. . . . .vol ts  
where J is  the diode current density..Amo/cm2 

'I& is the emit ter  temuerature.. . .OK 
Tc i s  the col lector  temoerature..'K 

BO, B1, .... B 1 1  are a set of coefficients. 

The B-se t  of coeff ic ients  i s  calculated t o  obtain 
the highest correlat ion between uredicted and measured 
wrformance data with the leas t  standard e r r o r  of 
estimate. 

Figure 1 shows a schematic of the therrnal t rans-  
uort model used. The major uortion of the transport 
is Q(Tp Tc, J )  and the e l e c t r i c a l  power Pe, (J x V )  
both of which are obtained from the correlat ion 
described above. The voltage, V, i s  corrected for  
voltage drops i n  the electrode. Other thermal t rans-  
port terms which must be calculated are  Qlead, the 
loss i n  the e l e c t r i c a l  lead and Qnd, the heat loss 
from the inact ive e d s  of the converter. The lead 
conduction tern is  calculated assuming no radiat ion 
and t h a t  the cool end is a t  the radiator  temperature 
and the hot end a t  the emit ter  temperature. One half 
of the Joule heat generated i n  the lead is assumed t o  
be returned t o  the emitter. Qnd consists of an 
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electron cooling term, and a radiat ion term. 
e lectron cooling loss is  calculated using an assumed 
work function for the end area. The radiation loss 
is calculated using an assumed effect ive emittance and 
the surface temperatures. The thermal conduction 
losses i n  the end section a re  negligible. The design- 
e r  can determine the degree of influence of these 
terms on performance by varying the lead dimensions, 
and the inact:ve length of the  converter. 

Actually, two calculat ional  techniques w e r e  used 
i n  the module analysis. 
lithium vapor temperature, TM; the col lector  surface 
temperature, TC and J are used as inputs. 
design is specified and the &don-Raphson technique 
is u s e d t o  converge on a solut ion f o r  the emitter 
temperature rpE, electrode voltage V ( S ,  Tc, J), and 
Q(Q, Tc, J). 
mizes the converter eff ic iency is calculated, the 
radiator  area required f o r  heat re ject ion is estab- 
l ished and t h e  converter weight is determined. me 
specif ic  weight is calculated by dividing the  t o t a l  
module weight by the  net e l e c t r i c a l  power. J is then 
incremented and the radiator  area and the lead design 
are  recalculated t o  allow for changes i n  heat re jec- 
t i o n  and current flow. The module specif ic  weight is 
then recalculated. 

The 

I n  the  first technique; 

A converter 

An e l e c t r i c a l  lead design which maxi- 

For the fixed converter design, the lowest 
s w c i f i c  weight i s  established f o r  the range of J 
values used. 
process is repeated u n t i l  the  minimum spec i f ic  weight 
is determined f o r  the i n i t i a l  TLi value. 

Then TC is incremented and the entire 

I n  the calculat ional  method described above only 
the design of the  converter electrodes was fixed with 
lead design and radiator  area recalculated f o r  each 
operating condition. Therefore, the changes i n  
estimated performance are  not typ ica l  of a fixed 
module design. In the a l te rna te  calculational method 
a fixed module design is  assumed, t h a t  is ,  the con- 
ver ter  as w e l l  as e l e c t r i c a l  lead and radiator  area 
are  fixed, and the e f fec t  of off-design operating 
conditions i s  explored. 

In order t o  es tab l i sh  the minimum spec i f ic  weight 
module design, physical parameters such as electrode 
area, radiator  area, and lead design are incremented 
about the i n i t i a l  design and the  resul t ing specif ic  
weights are compared. 

Reference Diode Description 

A schematic cross sect ion of the reference 
converter is sham i n  figure 2. E. W. Kroeger4 
describes the  construction of t h i s  diode i n  de ta i l .  
The d e s i p  of t h i s  reference converter was based upon 
a preliminary analysis .2,3 The cyl indrical  converter 
has a rhenium emitter and niobium collector. The 
73 sq cm emit ter  i s  2.28 cm (.92 inch) i n  diameter 
and has an act ive length of 10.15 cm (4.0 inches). 

The emit ter  electrode surface .51 mm (20 mil) of 
rhenium is  chemically vapor deposited onto a 1.42 cm 
(56 mil) thick tantalum cylinder. This is, i n  turn, 
shrunk f i t  onto a T-111 (Ta-8w-2Hf) heat uipe. 
heat pipe outer  diameter is 1.9 cm (.75 in . )  and the 
w a l l  thickness is 1.0 mm (40 mil). 
working f l u i d  i n  the heat uipe. 
lithium f i lm on the inner diameter of the  heat pipe is 
.75 mm (30 mil). 
col lector  is separated from the emit ter  s t ructure  by a 
.23 mm (9  mil) interelectrode space. A .38 mm (15 mi$ 
layer  of sodium and wick wet the outer  diameter of the  
col lector  structure. 
(1.0 inch) is required t o  accommodate the metal-to- 

The 

Lithium is  the 
The thickness of the 

The 3.86 mm (152 mil) thick niobium 

A t o t a l  a x i a l  length of 2.5 cm 

ceramic s e a l  and the  end closure. 

The sodium vapor chamber radiator  i s  constructed 
of .76 mm (30 mil) Nb-lZr sheet. 
chamber is divided i n t o  four smaller chambers by 
.51 mm (20 mil) Nb-Er uart i t ions.  
the  chamber i s  t o  urovide for u a r t i a l  cooling i f  a 
meteoroid were t o  uuncture one or  more of the  four 
chambers permitting the escape of the  sodium vauor. 

The rectangular 

The segmenting of 

Heat Transfer Discussion 

Kascak and Williams2 tes ted  a cyl indrical  thermi- 
onic converter having a vapor-deposited rhenium 
emit ter  and a niobium col lector  with a .25 mm (10 m i l )  
interelectrode spacing. Both electrode efficiency and 
power density were measured over an emitter temperature 
range of 1600' K t o  2050' K and over a col lector  
temperature range of 873' K t o  1173O K. 

The regression analysis of t h i s  data resu l t s  i n  
two s e t s  of coefficients; one set f o r  the electrode 
voltage expression, the second s e t  f o r  the thermal 
f lux expression. When the or ig ina l  data is compared 
with data  generated using the  resul t ing expressions, 
the correlat ion coefficient is 0.98. !Fhese two.sets 
of coeff ic ients  a re  used i n  the model. 

The end losses i n  the converter Qnd are calcu- 
la ted  assuming t h a t  2.5 cm (1.0 inch) of axia l  heat 
pipe length is  required f o r  the closure f o r  a l l  
electrode areas. The two heat t ransfer  mechanisms i n  
the ends are radiat ion and electron cooling. The 
radiation term is calculated from the surface temuera- 
tures  assuming an effect ive emittance of 0.26. 
order t o  permit s tab le  owra t ion  a t  low emit ter  
temperatures, the  reference design includes an i g n i t e r  
r ing i n  each end. This r ing  owra tes  under short- 
c i rcu i t  conditions and urovides an addi t ional  source 
of cesium ions. The electron cooling of the ign i te r  
r ing is  calculated from the surface temperature when 
a work function is assumed. For the exposed tantalum 
electrode surface a cesiated work function of 3.2 e V  
i s  reasonable. In  t h i s  design the radiat ion term i s  
typical ly  ten  times larger  than the electron cooling 
term. 

In 

me current carrying lead is niobium. The 
dimensions of t h i s  lead are  imuortant design parame- 
t e r s  which can be e i t h e r  fixed or adjusted t o  obtain 
the highest possible converter efficiency. 

The radiator  emittance is assumed t o  be .9 and it 
The radiator  area re jec ts  i t s  heat t o  a 300' K sink. 

is calculated from the  t o t a l  heat re jected and the 
radiator  temperature, Q, which is calculated from the 
col lector  temperatare and the  col lector  heat flux. 
5' K temperature drop is assumed i n  the  chamber i n  
addition t o  temperature losses which are  calculated 
through the  sodium film and the vauor chamber walls. 
In  t h i s  design, radiat ion is  permitted from both s ides  
of the vapor chamber f in .  The vapor chamber width is  
taken equal t o  the  emitter length ulus 1.22 cm (.48 in). 
The height of the  chamber is the col lector  outer 
diameter plus 1.27 cm (. 5 inch). 
i s  determined from the required radiator  area. 

A 

The chamber length 

Data and Results 

For the reference converter a t  TLi of 1810~ K and 
for  the rhenium-niobium data of reference 5, figures 3 
and 4 show the var ia t ion of converter performance with 
changes i n  J, f o r  four TC values. Since TC is fixed, 
the radiator  area changes with J. And f o r  each (J,Tc) 
combination, the lead design i s  recalculated t o  maxi- 
mize the converter efficiency. 
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In figure 3 both electrode and converter effi- 
ciencies are aham as a function of J. The influence 
of the current dependent loss t e r n  cause the con- 
ver ter  efficiency t o  maximize a t  6 Amp/cm2, a current 
density lower than tha t  required fo r  maximum electrode 
effbciency. 
975 K produces the highest electrode efficiency and 
the highest c o n v r t e r  efficiency. 

A t  t h i s  lower current density a Tc of 

Figure 4 i l l u s t r a t e s  the influence of J on 
specif ic  weight and output power. 
current densit ies studied the highest output power was 
achieved a t  a TC of 1025' K. Ikglecting the weight of 
the collector structure,  the radiator weight is over 
50 percent of the total mcdule weight. 
collector temperature values studied the minimum 
specif ic  weight i s  16.8 lb/Kwe and it occurs at a 
current density of 7.5 Amp/cm2. 

Over the range of 

For t h e  

Figure 5 demonstrates the influence of substrate 
thickness and electrode area on module specif ic  
weight. 
1810' K fo r  t h i s  portion of t he  study. For a selected 
substrate thickness and a selected electrode area, the 
module specif ic  weight is calculated fo r  a large 
number of TC and J values with current carrying leads 
optimized. The specif ic  weight value plotted in  
figure 5 is the minimum value thus obtained fo r  the 
selected substrate thickness and electrode area. For 
a m a l l  electrode areas (short emitter lengths), the end 
loss term is an important f ract ion of the t o t a l  ther- 
m a l  parer required. 
(longer electrodes),  electrode voltage drops increase 
due t o  both higher currents and higher electrode 
resistance. Therefore, a minimum specif ic  weight 
resul ts  from a tradeoff between end losses and 
electrode voltage droas. 

The lithium vapor temperature is set a t  

While fo r  large emitter areas 

A t  fixed emitter areas a decrease i n  the sub- 
s t r a t e  thickness increases both the emitter tempera- 
ture  and the electrode performance. However, t h i s  
gain can be offset  by the increased electrode 
resistance and increased electrode voltage drws, 
Over the thickness range examined, the voltage loss 
term is not as signif icant  as the increase i n  wrform- 
ance. For the reference converter, the .41 mm (16 ndl) 
substrate thickness i s  the most desirable of those 
examined. The t o t a l  wall thickness is 2.69 mm (l06mil) 
when heat pipe w a l l  and emitter thickness are included. 
However, i f  1.42 mm (56 mil) substrate thickness can- 
not be decreased from a s t ruc tua l  standpoint an 
increase i n  electrode area would r e su l t  i n  a s l igh t  
reduction i n  specif ic  weight. 

Figure 6 i l l u s t r a t e s  the influence of radiator 
For area on net output parer f o r  three T L ~  values. 

each temperature, the lead design is fixed f o r  minimum 
specif ic  weight and these conditions are sham by the 
dashed l ine.  The sol id  l i ne  is t he  power available i f  
one is permitted t o  redesign the lead as the radiator 
area is changed. The fixed lead design does not lead 
t o  a s ignif icant  paver loss. 

For the reference design a t  1810' K the s p y i f i c  
weight minimizes with a radiator area of 560 cm 
(0.6 sq ft). 
measuring 11.4 cm along the diode by 24.4 cm long 
(4.4 i n  x 9.6 in) ,  radiating from two sides.  
figure 6, a t  minimum specif ic  weight the required 
radiator area increases with T 
radiator area dec ases from .@'M2/Kwe (4.5 f t  /Kwe) 
a t  1710' K t o  21 g/Kwe (2.3 ft2/Kwe) a t  1910° K. 

(0.6 f t 2 )  and the lead cross-sectional area per unit 

This area is provided by a vapor chamber 

In 

but the speci i c  5 

In  figure 7 the radiator area is fixed a t  560 cm2 

length (A/L) is fixed a t  1.0 cm2/cm. 
conditions f o r  minimum specif ic  weight of the refer- 
ence converter a t  1810' K. The dashed l ines  indicate 
the emected improvement i f  lead and radiator designs 
are reoptimized. 

These are the 

The importance of high source temuerature is 
demonstrated by halving of the specif ic  weight as the 
vapor temperature i s  increased from 1700° t o  1900' K. 
For the reference converter a t  a Q of 1810' K the 
specif ic  weight minimizes at 16.7 lb/Kwe with a con- 
ver ter  efficiency of .060 and an outpu of 202 watts. 
This power is obtained a t  J of 7.54/cm with a usable 
voltage of .371 volts.  The emitter temuerature is 
1783' K and the collector temperature i s  1050' K. 

u t i l ized i n  the reference converter 6 73 cm2 electrode 
area and a 1.42 mm tantalum emitter substrate),one 
would expect performance gains fo r  the reference 
converter. A t  % of 1830' K the calculations using 
rhenium, niobium data of Pigford and Thinger and the 
reference converter a d i c t  a net output D o w e r  of 
386 watts a t  9 Amp/cm with a calculated converter 
efficiency of .113. The result ing module soecif ic  
weight is 10.9 lb/Kwe. A t  a T L ~  of 1810' K the 
tungsten, niobium data of Wilson and Lawrence yields 
a net output of 515 watts a t  7.8 Amp/cm2 with a 
calculated converter efficiency of 0.125. 
resul t ing module specif ic  weight is 9.7 lb/Kwe. 
specif ic  weight reductions of 40 percent reoresent 
substantial  improvercents and even greater reductions 
may be poesible by detailed optimization when addi- 
t i ona l  performance data i s  acquired over a broader 
range of variables. 

8 

If higher performance electrode are 

F 

The 
These 

Concluding Remarks 

A detailed engineering model has been develoned t o  
s tudy  the uerformance of an out-of-core thermionic 
module which is  mounted i n  the radiator.  1967 uoly- 
crystal l ine rhenium, niobium converter wrformance 
data was used i n  the model since it included calor i -  
metric data taken over a broad range of collector 
temperature which is an imoortant design oarameter. 
Using a reference converter design with 73 cm2 
electrode area, a minimum specif ic  weight of 16.7 lb/  
kWe was predicted a t  a module efficiency of .060 a t  a 
lithium vapor temperature of 1810~ K. 

When higher performance materials such as single 
c rys t a l  rhenium or  etched tungsten are  assumed fo r  the 
electrodes of the reference converter, the specif ic  
weight is reduced to nearly 10 lb/kWe, a 40 percent 
savings, and the module efficiency nearly doubles t o  
.119*.005. An even greater savings may be aossible 
for  a ful ly  optimized design using the higher aerform- 
ance data is acquired over a broad range of collector 
temperature. 
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